Development of new treatments for drug addiction will depend on high-throughput screening in animal models. However, an addiction biomarker fit for rapid testing, and useful in both humans and animals, is not currently available. Economic models are promising candidates. They offer a structured quantitative approach to modeling behavior that is mathematically identical across species, and accruing evidence indicates economic-based descriptors of human behavior may be particularly useful biomarkers of addiction severity. However, economic demand has not yet been established as a biomarker of addiction-like behavior in animals, an essential final step in linking animal and human studies of addiction through economic models. We recently developed a mathematical approach for rapidly modeling economic demand in rats trained to self-administer cocaine. We show here that economic demand, as both a spontaneous trait and induced state, predicts addiction-like behavior, including relapse propensity, drug seeking in abstinence, and compulsive (punished) drug taking. These findings confirm economic demand as a biomarker of addiction-like behavior in rats. They also support the view that excessive motivation plays an important role in addiction while extending the idea that drug dependence represents a shift from initially recreational to compulsive drug use. Finally, we found that economic demand for cocaine predicted the efficacy of a promising pharmacotherapy (oxytocin) in attenuating cocaineseeking behaviors across individuals, demonstrating that economic measures may be used to rapidly identify the clinical utility of prospective addiction treatments.
Development of new treatments for drug addiction will depend on high-throughput screening in animal models. However, an addiction biomarker fit for rapid testing, and useful in both humans and animals, is not currently available. Economic models are promising candidates. They offer a structured quantitative approach to modeling behavior that is mathematically identical across species, and accruing evidence indicates economic-based descriptors of human behavior may be particularly useful biomarkers of addiction severity. However, economic demand has not yet been established as a biomarker of addiction-like behavior in animals, an essential final step in linking animal and human studies of addiction through economic models. We recently developed a mathematical approach for rapidly modeling economic demand in rats trained to self-administer cocaine. We show here that economic demand, as both a spontaneous trait and induced state, predicts addiction-like behavior, including relapse propensity, drug seeking in abstinence, and compulsive (punished) drug taking. These findings confirm economic demand as a biomarker of addiction-like behavior in rats. They also support the view that excessive motivation plays an important role in addiction while extending the idea that drug dependence represents a shift from initially recreational to compulsive drug use. Finally, we found that economic demand for cocaine predicted the efficacy of a promising pharmacotherapy (oxytocin) in attenuating cocaineseeking behaviors across individuals, demonstrating that economic measures may be used to rapidly identify the clinical utility of prospective addiction treatments.
behavioral economics | reinstatement | extinction | long access | punished responding T here are currently no approved pharmacotherapies for the treatment of cocaine addiction, and timely development of future treatments will depend on animal models that predict the efficacy of treatment in human addicts. This requires a biomarker of addiction suitable for rapid testing in animals, and applicable in humans. However, animal models of neuropsychiatric diseases generally lack predictive validity (1, 2) , and prevalent approaches that use drug self-administration in animals have not yet led to a successful clinical treatment for psychostimulant dependence (3, 4) .
Economic models provide more promising approaches for this needed cross-species addiction biomarker (5, 6) . They offer a structured quantitative method to model behavior that is mathematically identical across species (7) (8) (9) , and accruing evidence indicates economic-based descriptors of human behavior may be particularly useful biomarkers of addiction severity (10) (11) (12) (13) (14) . Notably, economic demand has been shown to correlate with lifetime years of cocaine, heroin, marijuana, and benzodiazepine use (15) ; severity of alcohol dependence (10, 11, 14) and craving (16) ; as well as severity of nicotine dependence (12, 13) and craving (17) . However, economic demand has not yet been established as a biomarker of addictionlike behavior in animals, an essential final step in linking animal and human studies of addiction through economic demand.
We recently developed a mathematical approach for rapidly modeling economic demand in rats trained to self-administer cocaine within a single 110-min session (8) . In our first set of studies here, we assess the degree to which this demand model can predict drug taking and drug seeking. We show that economic demand predicted a broad spectrum of these addiction-related behaviors, including relapse propensity, drug seeking in abstinence, and compulsive (punished) drug taking. We then used a long-access procedure to induce an addiction-like state, and we show that demand increased with this state and predicted increased compulsive (punished) drug taking. Our results support the view that excessive motivation plays an important role in addiction (18) (19) (20) and our results also provide a structured, graded continuum within which a shift from recreational to compulsive drug use (21, 22) can be quantified. Finally, we found that economic demand for cocaine predicted the ability of oxytocin, a promising new addiction pharmacotherapy, to attenuate cocaineseeking behaviors across individuals. Our results demonstrate that economic measures may be used to rapidly identify the clinical utility of prospective addiction treatments in rats, and, consequently, can be used to accelerate the discovery of potential therapeutic approaches.
Results
Motivation for Cocaine Is Independent of Cocaine Intake. We trained rats to self-administer i.v. cocaine infusions paired with discrete light and tone cues by responding on a lever during daily, 2-h sessions for ∼1 wk (Fig. S1 ). Animals were then trained for ∼1 wk (SI Materials and Methods) on the within-session threshold procedure in which demand for cocaine (consumption) was measured in a 110-min session across increasing cocaine prices (responses per milligrams of cocaine) by successively decreasing cocaine doses in 10-min bins (23) . An exponential demand equation (7) was then fit to each animal's results (8) to determine baseline economic demand for cocaine. Baseline demand parameters Q 0 and α were extracted from the resulting demand curves, and describe drug consumption at null cost (8) (Q 0 ; free consumption) and rate of consumption decline with increasing price (8) (α; demand Significance Cocaine addiction is a major public health problem with no current pharmacotherapy approved by the US Food and Drug Administration. To accelerate discovery of treatments, we developed an animal model based on economics. Economics allows mathematical alignment of animal and human behavior, permitting more confident predictions of efficacy in addicts. Although economic models are strongly associated with addiction severity in humans, they have not yet been shown to be a marker of addiction in rats. In this report, we confirm that economic demand is strongly associated with addiction-like behavior in rats, and can predict the efficacy of a promising addiction therapy. Our findings indicate that this economic approach can be used to accelerate the development of novel addiction therapies. This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. Email: astong@musc.edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1406324111/-/DCSupplemental. elasticity), respectively ( Fig. 1) . Importantly, α (also referred to as "essential value") scales inversely with motivation for drug and represents an intrinsic property of the drug's motivational efficacy, independent of the animal's preferred drug consumption at null cost, Q 0 (7). Indeed, Q 0 and α were found to be unrelated (r = −0.11, P > 0.05) (Fig. S2) . Addiction-like behavior, and the effectiveness of oxytocin in reducing such behavior, was evaluated in five independent groups of animals after baseline demand was established (Fig. S3 ).
Baseline Demand Predicts Drug Seeking During Abstinence. The inability to maintain abstinence is a trademark of addiction (24) , and this is measured in animals as persistence in drug seeking during periods of drug unavailability (20) . Twenty-four hours following baseline economic demand assessment, animals were run on daily extinction sessions, during which lever responses no longer resulted in drug or cue delivery (Fig. S3 , groups 1-3, n = 28). The demand parameter α, but not Q 0 , from the baseline session predicted the number of active lever responses during the first extinction session (Q 0 : β = −0.24, P > 0.05; α: β = −0.80, P < 1E-5) ( Fig. 2A) , the maximum number of active lever responses during any extinction session (Q 0 : β = −0.26, P > 0.05; α: β = −0.77, P < 1E-5) (Fig.  S4A) , and the number of days required for responding to taper to extinction criteria (Q 0 : β = −0.20, P > 0.05; α: β = −0.58, P < 0.01) (Fig. S4B) . Note that lower values of α indicate greater motivation for cocaine, so negative correlations show that motivation by this measure (obtained before abstinence or extinction) predicted greater drug seeking during abstinence.
Demand Predicts Reinstatement of Extinguished Drug Seeking. Addiction is a chronic disease in which drug-associated stimuli, or reexposure to drug itself, cause individuals to relapse to drug use after periods of abstinence (25) ; thus, after extinction criteria were met, we tested the ability of baseline economic demand to predict reinstatement (26) of drug seeking evoked by cocaineassociated light and tone cues (Fig. S3 , groups 1-3, n = 26) or by a priming injection of cocaine (10 mg/kg i.p.; Fig. S3 , groups 1-3, n = 24). We found that α, but not Q 0 , predicted the number of responses during both cue-induced (Q 0 : β = 0.04, P > 0.05; α: β = −0.53, P < 0.01) (Fig. 2B ) and cocaine-primed (Q 0 : β = 0.20, P > 0.05; α: β = −0.75, P < 1E-4) (Fig. 2C ) reinstatement to drug seeking. Negative correlations with α indicate that greater motivation for cocaine by this measure (again, obtained before abstinence or extinction) predicted greater reinstatement of drug seeking.
Demand Predicts Compulsive (Punished) Drug Taking. A particularly striking feature of addiction is compulsive drug use in the face of aversive consequences (27) . Compulsive drug use is often modeled in rats as the number of footshock-paired responses for drug that the animal will self-administer in a session (28) . However, as typically implemented this method does not account for interindividual variability in preferred drug consumption at null cost (Q 0 ); hence, we developed an economic shock paradigm with price defined as the magnitude of footshock punishment [millicoulombs (mC)] paid per milligrams of cocaine infused (millicoulombs shock per milligrams of cocaine). The cocaine dose elicited by a lever response remained static throughout the session (26.1 responses per milligrams cocaine), whereas the footshock current successively increased in 10-min bins from 0 to 0.79 milliamps (mA). Using this paradigm, consumption changes are due entirely to the presence of shock (Fig. S5 ). Results were normalized for individual variation in Q 0 by defining punishment resistance as the maximum electrical charge an animal is willing to endure in a bin to defend its shock-free preferred cocaine intake, i.e., the product of number of infusions and charge per infusion. Thus, we asked what maximum punishment animals self-administered within any bin to maintain their particular Q 0 . We found that the demand parameters α (β = −0.83, P < 1E-3) and Q 0 (β = 0.35, P < 0.05) independently predicted the maximum charge animals self-administered, and together they accounted for 95% of variance ( Fig. 2D and Fig. S3 , group 3, n = 8).
Demand Is Not Confounded by Time. The within-session threshold procedure used above presents prices in the same ascending order in every session, a necessary facet to assess animals' motivation to maintain Q 0 (8). However, this procedure also confounds time and price, and obscures whether results reflect a valid measure of drug demand or simply time in session. Thus, we developed an intermittent threshold procedure that imposes 20-min timeouts between 10-min periods of drug access. Timeouts force the animal's brain cocaine levels to decrease (29) , and the animal must then work to regenerate its brain cocaine level at various prices. Because motivation to generate, not maintain, brain cocaine levels is assessed with this procedure, the order of price presentation may be reversed. Demand parameters were measured in animals with the threshold procedure, and then again on both ascending and descending price scales on the intermittent threshold procedure (Fig. S3 , groups 1 and 2, n = 16). Threshold procedure demand parameters strongly predicted those from the intermittent procedure (Q 0 : r = 0.87, P < 10E-4; α: r = 0.76, P < 10E-3) (Fig. S6) , thereby indicating that economic parameters from the threshold procedure measured demand and not an epiphenomenon of the procedure itself.
Demand Is Elevated Following Long-Access Self-Administration. Addiction is a culmination of trait (predisposition) and state (exposure) variables (30). The results above only consider the predictive capacity of cocaine demand assessed early after acquisition of drug self-administration behavior, i.e., trait-dependent demand. We also asked how the state of cocaine demand was altered with extended self-administration history, as a function of the baseline demand trait. The addiction state can be reliably altered by allowing animals to self-administer drug during daily, extended-length sessions over several weeks (31) . Extended-access procedures have been shown to elevate compulsive drug taking (32), cocaine consumption (31) , and cocaine demand (33) . For a separate group of subjects (Fig. S3, group 4 , n = 12), baseline demand was assessed as above and then animals self-administered cocaine for 14 daily longaccess sessions (LgA; 6-h duration). Mean cocaine consumption increased during LgA from 55.7 to 62.7 mg/kg per session (repeated ANOVA, F 13,143 = 2.54, P < 0.01) and demand for cocaine on the first day following LgA termination was significantly greater than baseline demand (repeated ANOVA, Example of a demand curve. Data points indicate cocaine consumption during the within-session threshold procedure from a single animal during a single session; the best-fit exponential demand curve has been added. Q 0 is the theoretical demand (Q) at null cost, and α is a measure of how quickly consumption falls with increasing price.
Q 0 : F 2,22 = 10.85, P < 0.001; α: F 2,22 = 7.64, P < 0.01) (Fig. 3 ). Animals were tested daily with the threshold procedure until their α value was stable across 3 d (Materials and Methods). We found that the rise in Q 0 persisted, and animals stabilized at a greater value of Q 0 (Bonferroni, P < 0.05) (Fig. 3A) ; the increase in motivation (reduced α) was largest on the first post-LgA session and tended to endure, although not significantly, when measured across the entire cohort (Bonferroni, P > 0.05) (Fig. 3B) .
Baseline Demand Predicts Changes in Demand with LgA. Notably, we found that alteration in demand produced by LgA differed according to animals' baseline cocaine demand before LgA exposure. For example, persistent increases in motivation (significantly increased throughout the test period after LgA) were observed in animals with low, but not those with high, baseline demand. The cohort was split into high and low baseline demand groups based on the median α from the entire population of rats trained under the same criteria in our laboratory (n = 131, median α = 0.00216). Demand groups were defined by α because that parameter, and not Q 0 , reliably predicts addiction-like behavior (as described above). We found that LgA produced persistent reductions in α (increases in demand) in animals with low baseline demand, whereas LgA exposure did not alter α in high baseline demand animals (mixed model, demand group × time, F 2,20 = 11.06, P < 1E-3) (Fig. 3C) . Further, the increase in demand in response to LgA was predicted by baseline demand such that lower baseline demand animals showed greater increases in demand. Specifically, animals with the lowest baseline Q 0 showed the greatest proportional increase in Q 0 (Pearson, r = −0.89, P < 1E-4) (Fig. S7A) , and animals with the highest baseline α showed the greatest proportional decrease in α (Pearson, r = −0.87, P < 1E-3) (Fig. S7B) . Similarly, proportional escalation in cocaine consumption during LgA was also predicted by demand, with low Q 0 animals escalating the most (β = −0.65, P < 0.05); however, escalation was not related to baseline α (β = −0.00, P > 0.05) (Fig.  S8) . Thus, animals either displayed spontaneously high demand after acquiring cocaine self-administration behavior, or they were reliably made into high-demand rats by LgA exposure.
Demand Predicts Compulsive (Punished) Drug Taking Within a Mixed-
State Group. The cause of addiction at an individual level is often unclear; hence, it is necessary that an addiction biomarker function regardless of etiology. We asked if the state-dependent, increased demand we observed following LgA was predictive of increased compulsive (shock-resistant) drug seeking within a mixed-state group (Fig. S3 , groups 3 and 4, n = 20), i.e., containing both LgA-exposed rats and animals tested immediately following baseline measures of demand (non-LgA). LgA animals showed more compulsive drug taking than non-LgA rats (t test, t 18 = 2.55, P < 0.05) (Fig. 3D) , and demand predicted compulsive drug seeking (amount of shock self-administered) in all animals tested regardless of LgA exposure in both the Q 0 (β = 0.57, P < 0.01) and α measures (β = −0.55, P < 0.01) (Fig. 3E) . The main effect of LgA was to reduce the variation in demand, such that LgA animals resembled high-demand rats not given LgA, both in the Q 0 and α measures.
Demand Predicts Oxytocin Treatment Efficacy. There is no current Food and Drug Administration-approved pharmacotherapy to evaluate the predictive validity of our economic demand procedures; however, oxytocin is a promising candidate (34, 35) . In preclinical testing oxytocin attenuates self-administration of psychostimulants as well as reinstatement to drug seeking (36, 37) , and early clinical testing confirmed that oxytocin attenuates drug craving (38, 39) . We tested the effect of oxytocin pretreatment on cocaine demand and reinstatement of cocaine seeking to evaluate its potential as a cocaine addiction treatment as well as to demonstrate utility of this economic approach. A separate group of animals was trained to self-administer cocaine in 2-h, daily sessions for ∼2 wk (Fig. S3 , group 5, n = 14). Baseline economic demand was determined, and animals were randomly administered oxytocin (1 mg/kg i.p.) or vehicle (saline) 30 min before session start in a within-subject cross-over design. Oxytocin treatment significantly reduced Q 0 (paired t test, t 13 = 3.20, P < 0.01) (Fig. 4A ) and increased α (paired t test, t 13 = 3.56, P < 0.01) (Fig. 4B) , indicating a reduction in both the amount of cocaine desired at null effort (free consumption) as well as motivation for cocaine (essential value). Moreover, the proportional change in α after oxytocin was predicted by individual animals' baseline α, with the largest effect observed in animals with high baseline demand (Pearson, r = −0.62, P < 0.05) (Fig.  4C) . Apropos of the association between economic demand and relapse behavior, this attenuation of cocaine demand predicts oxytocin may also abrogate relapse to cocaine seeking. Indeed, we found that oxytocin pretreatment significantly reduced cueinduced reinstatement of cocaine seeking (paired t test, t 13 = 5.41, P < 0.001) (Fig. 4D ).
Discussion
We showed here that economic demand predicts an addictionlike behavioral phenotype and treatment efficacy in an animal model. This set of findings extends several lines of investigation and integrates them to provide a translationally significant tool for drug discovery; these are elaborated in the next paragraphs. Namely, in this report we extend behavioral-economic theory, provide relevance for within-session behavioral-economic methods, support a central role of motivation in addiction, provide a framework for interpreting the transition from recreational to compulsive drug use (21, 22) , and provide a direct mathematical link between addiction-like behavior in rats and the behavior of human addicts. This report extends behavioral-economic theory (7) by establishing a strong, predictive association between economic demand and addiction-like behavior. Previous reports have found that essential value (α) predicts cue-induced reinstatement of methamphetamine seeking (40) , and that long-access self-administration of cocaine increases Q 0 while decreasing α (33). Our studies replicate these findings, and significantly extend them by also showing that essential value (α) predicts cocaine-primed reinstatement, drug seeking during abstinence, and compulsive (punished) drug taking. Further, we describe how trait-dependent cocaine demand-early in the animal's self-administration history-predicts changes in addiction state known to take place with exposure to LgA (31) . Notably, we observed spontaneously high-demand rats (i.e., without LgA treatment) as well as low-demand rats that were transformed into high-demand rats with LgA, indicating that the addiction phenotype may occur anywhere along the etiological spectrum from trait to state dependence-a spectrum well known in human literature (30) .
In contrast to the decreased interindividual variability in demand after LgA that we report here, and that others have also reported (33) , prolonged access procedures tend to segregate animals, increasing interindividual variability (20, 28) . In these prolonged access procedures animals self-administer drug in lower overall quantities per day than LgA procedures but for more than a month of daily sessions. Past reports have shown that animals segregate by reinstatement propensity with prolonged access (20) , and because we found reinstatement propensity to be highly related to demand, we expect similar results would be produced if groups were initially defined by baseline cocaine demand. Thus, we hypothesize that with the prolonged access procedure demand groups will also segregate, with highdemand rats increasing in their cocaine demand and low-demand rats remaining low demand or marginally decreasing in their cocaine demand.
Our report uses a within-session behavioral-economic method (8, 23) and validates this approach for addiction behavior. Past reports have described how within-session measures of economic drug demand are affected by pharmacological intervention (23), various schedules of drug self-administration (29) , and exposure to stress (41) . Our analysis is unique in that we benchmarked the within-session threshold procedure against several wellestablished measures of addiction-like behavior in rats, including extinction, reinstatement, and punished responding. Furthermore, we used a normalized measure of demand elasticity (α), allowing independent assessment of changes in motivation for drug (α) versus changes in drug intake (Q 0 ) (7) .
This independent analysis of drug intake and motivation provides insight into the central role of the motivation for drug in addiction behavior. Prevalent measures of drug motivation, such as progressive ratio breakpoint, depend on extrinsic factors such as the dose size chosen and drug pharmacokinetics, and lack a direct relationship with drug motivation (e.g., manipulations that reduce LgA increases economic demand and compulsive drug taking. (A) Q 0 was significantly elevated the first day after LgA, and stabilized at a significantly greater value (*P < 0.05, Bonferroni). (B) α was significantly decreased the first day following LgA (*P < 0.05, Bonferroni); there also was a trend for the group to stabilize at a lower α (although not significant). (C) Low baseline demand animals had significantly greater baseline mean α (***P < 0.001, Bonferroni), and in contrast to high baseline demand animals, low-demand animals showed a significant decrease in α after LgA that persisted to stabilization (***P < 0.001, Bonferroni). (D) Animals exposed to LgA cocaine self-administration (n = 12) displayed significantly greater compulsive (punished) drug taking compared with a separate group of animals (n = 8) tested immediately after baseline demand was established (*P < 0.05, t test). (E) Regardless of LgA treatment, compulsivity remained associated with both Q 0 (β = 0.57, P < 0.01) and α (β = −0.55, P < 0.01). Error bars in A-D represent SEM.
cocaine reward can either increase or decrease the maximum number of times an animal will respond for a single drug delivery) (7, 42) . Normalized measures of demand elasticity, such as the essential value parameter α, were developed specifically to overcome these limitations and report the subject's intrinsic motivation for a reinforcer (7) . Hence, by showing that cocaine essential value (α) predicts a broad spectrum of addiction-like behavior, we confirm previous associations reported between measures of drug motivation and addiction-like behavior (20) . Although cocaine essential value (α) reliably predicted addictionlike behavior, free consumption of drug (Q 0 ) did not significantly predict any measures of drug seeking during abstinence, i.e., extinction responding or reinstatement. However, Q 0 significantly predicted punishment resistance of cocaine taking, independently of α, albeit to a lesser degree. Q 0 is a measure of preferred drug intake (7); thus, we hypothesize that Q 0 aids in predictions of variables that are related, in part, to drug intake. In our shock paradigm, animals self-administered drug at a relatively low effortbased price, and our measure of punishment resistance was both dependent on preferred intake and resistance to changes in that intake with associated shock devaluation, i.e., it was a product of both number of infusions and shock value at that infusion. Thus, in this case both punishment resistance and preferred level of drug intake are expected to contribute to the total shock selfadministered. Of note, Q 0 has been reported to be associated with alcohol-related problems and misuse (10, 11, 14) and nicotine dependence (12, 13) , and could be a clinically relevant measure of addiction severity. This is consistent with the view that Q 0 parameter is similar to hedonic set point (8) , a concept thought to be important in addiction behavior (31, 43) .
Although demand elasticity (α) is a measure of motivation when the price of drug is effort based (as it is with the threshold procedure used here), α can be more broadly interpreted as sensitivity to drug devaluation. Notably, the strong association we show between sensitivity to effort-based devaluation and punishment-based devaluation (shock resistance) indicates that individual variability in devaluation sensitivity is not specific to devaluation modality. This finding is consistent with a major theory that posits addiction is the end result of a progression of drug taking behavior from initial recreational use-during which the individual is sensitive to drug devaluation-to compulsive, devaluation-insensitive drug seeking (21, 22) . In parallel with this hypothesis, we found that devaluation sensitivity (α), rather than preferred magnitude of drug consumption Q 0 , predicted a broad spectrum of addiction-like behavior. Notably, our economic approach provides a high-resolution gradient within which devaluation sensitivity and associated neural substrates may be quantified across species. Moreover, our results indicate that the shift from recreational to compulsive drug use does not result in a complete loss of value-dependent behavior. Indeed, although the elasticity of demand decreased, and this decreased elasticity was associated with punishment resistance, we found that a degree of elasticity remained regardless of the severity of addictionlike behavior. Sensitivity to devaluation was reduced with LgA; yet, value-based decision-making never ceased to occur. Similarly, value-dependent demand for psychostimulants has been repeatedly observed in human addicts (9, 15, 44, 45) , and from this observation some have inferred that even those with severe addiction will continue to make rational price-dependent choices concerning drug (44, 45) . Thus, value-independent drug seeking is likely a theoretical limit of this transition rather than an observed behavior.
The economic framework in which we parameterize addiction behavior is also significant, because it provides a direct mathematical link between the addiction-like behavior in rats and humans. Economic demand is associated with measures of addiction in humans for several drugs, such as lifetime years of cocaine, heroin, marijuana, and benzodiazepine use (15); severity of alcohol dependence (10, 11, 14) and craving (16) ; as well as severity of nicotine dependence (12, 13) and craving (17) . A model of economic demand was recently validated in cocaine-dependent participants (9) , providing the means for ready, direct comparison of animal and human studies of addiction treatments.
We demonstrated use of our within-session economic method for predicting therapeutic benefit with a promising addiction treatment-oxytocin. There is strong preclinical evidence for oxytocin as a treatment for psychostimulant addiction (34, 35, 37) , and early clinical studies have confirmed that oxytocin reduces craving for marijuana and alcohol (38, 39) . We found that oxytocin dramatically reduced cocaine demand in animals with a standard self-administration history; this finding, in view of the relationship between demand and addiction-like behavior reported here, predicts that oxytocin may effectively treat psychostimulant dependence in the clinic. Consistent with this, reduced cocaine demand after oxytocin pretreatment was strongly associated with baseline demand. This finding parallels a human study, which also found that demand predicted treatment outcomes (46) . Furthermore, it is clinically appealing because it indicates that oxytocin may have a preferential effect on patients with the most extreme addiction phenotype. Finally, we also found that demand reduction by oxytocin predicted attenuation of relapse behavior, supporting the value of demand as an addiction biomarker. This observation is consistent with a recent human study (47) that found a pharmacotherapy that reduced demand for cigarettes also increased the duration patients remained abstinent. Finally, although oxytocin is a peptide and therefore may not cross the blood-brain barrier, systemic administration nevertheless produces robust central activation of oxytocin neurons in supraoptic and paraventricular nuclei (48) , indicating systemic oxytocin administration is a viable method of inducing central nervous system (CNS) release of oxytocin and altering CNS activity.
In summary, we showed that economic demand for cocaine predicts a broad spectrum of addiction-like behavior. Our findings mirror clinical evidence for economic demand as an addiction biomarker, and support a central role of drug motivation as measured by demand elasticity in the addiction phenotype. The economic structure of these results provide a high-resolution, structured framework for quantifying the degree of devaluation insensitivity, indicating addiction severity and providing a context for investigating the transition from recreational to compulsive drug use. Moreover, the economic structure allows for ready comparison with clinical research (9), directly linking animal and human studies of addiction treatments, and the relative ease of this approach provides a means to rapidly test the potential of novel addiction therapies.
Materials and Methods
All materials and methods used in this study are detailed in SI Materials and Methods. This includes a detailed description of animal housing, drugs, cocaine self-administration training, threshold procedure testing, extinction training, the LgA procedure, reinstatement testing, footshock procedures, and oxytocin treatment. A detailed description of statistical tests can also be found therein.
